Graphene has been demonstrated as a good candidate for ultrafast optoelectronic devices. However, graphene is essentially transparent in the visible and near infrared with an absorptivity of 2.3%, which has largely limited its application in photon detection. This Letter demonstrates that the absorptance in a monatomic graphene layer can be greatly enhanced to nearly 70%, thanks to the localized strong electric field resulting from magnetic resonances in deep metal gratings. Furthermore, the resonance frequency is essentially not affected by the additional graphene layer. The method presented here may benefit the design of next-generation graphene-based optical and optoelectronic devices. Graphene is a two-dimensional monatomic layer of carbon material with tremendous applications because of its unique electric and optical properties.
1-3 Its linear energy dispersion relation implies a vanishing of the effective mass of the carriers, and a remarkably high carrier mobility greater than 200 000 cm 2 V À1 s À1 at room temperature for both electrons and holes.
1 This high mobility makes graphene a great candidate for ultrafast optoelectronic devices such as transistors 4 and photodetectors [5] [6] [7] [8] in the visible and near-infrared (NIR) range. For applications such as liquid-crystal displays and light-emitting diodes, graphene is used as a transparent conductor and a weak optical absorption is preferred. 9, 10 For photon detection, however, a strong absorption is desired in order to generate a large amount of electron-hole pairs and produce a large photocurrent. 7, [11] [12] [13] High absorption is also preferred for graphene-based optical antennas 14 and solar cells. 15 In the long wavelength range (i.e., mid-to far-infrared), the optical properties of graphene resemble those of Drudetype materials, 16, 17 and thus plasmonic resonance can be employed to create strong resonance absorption. [17] [18] [19] On the contrary, in the visible and NIR range, graphene has no plasmonic response but has a wavelength-independent absorptivity of about 2.3%, which can be related to the fine structure constant as demonstrated experimentally by Nair et al. 20 Therefore, absorption enhancement is highly desirable for graphene-based photon detection. One method to enhance graphene absorption is to employ a microcavity that enables light to pass through the graphene sheet multiple times. 7, 21 However, very few studies have considered the enhancement of graphene using nanostructures. 8, 14, 22 In this Letter, a method of enhancing the absorptance of graphene is presented by using a deep metallic grating, which can enable a strong localized electric field at the magnetic resonances or magnetic polaritons (MPs). The structure is illustrated in Fig. 1(a) , where a single sheet of graphene is laid atop a silver (Ag) deep grating. In the visible and NIR region, graphene behaves as a pure conductor or resistor that can absorb a large amount of the electromagnetic energy at the trench opening. Furthermore, the MP resonance frequency or wavelength is essentially not affected by the graphene overlay. Therefore, the wavelength at which the graphene absorption is enhanced can be tailored by tuning the geometry of the grating. The mechanism of graphene absorption augment based on MPs in deep gratings is different from those based on localized plasmonic resonances, 8, 14 or guided resonance in photonic crystals. 22 As shown in Fig. 1(a) , the one-dimensional (1D) grating has the following geometric parameters: period K, height h, and trench width b. The Ag region below the grating is assumed to be sufficiently thick for it to be opaque. The optical constants of Ag are modeled with a Drude model. 23, 24 The overall absorptance can be obtained from a ¼ 1 À R, where the reflectance R was calculated by the rigorous coupled-wave analysis (RCWA). 24 Figure 1(b) shows the absorptance for transverse magnetic (TM) waves at normal incidence (h ¼ 0 ) with K ¼ 400 nm, h ¼ 200 nm, and b ¼ 30 nm with and without a graphene overlay. Two absorption peaks can be seen at 6705 cm À1 (wavelength k ¼ 1.49 lm) and 18 ,490 cm À1 (k ¼ 541 nm), which are the first and second MP modes, respectively, identified as MP1 and MP2 in the figure. With the addition of the graphene sheet, the overall absorptance is raised from 0.21 to 0.81 at MP1 and from 0.62 to 0.99 at MP2, without changing the MP resonance frequencies. The difference cannot be attributed to the absorption by graphene since free-standing graphene cannot absorb more than 2.3% of the incident electromagnetic energy. The coupling mechanism and the absorption distribution are explored in the following.
In the simulation, the graphene layer is modeled as a thin sheet of thickness D ¼ 0:3 nm with an equivalent dielectric function eðxÞ ¼ ir s ðxÞ=ðe 0 xDÞ, 3 where e 0 is the vacuum permittivity and x is the angular frequency. Here, r s ¼ r D þ r I is the sheet conductance that is modeled as a sum of a Drude (intraband) term and an interband term, viz., a)
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and
where GðnÞ ¼ sinhðn=k B TÞ=½coshðl=k B TÞ þ coshðn=k B TÞ.
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In Eqs. (1) and (2), e is the electron charge, h is the reduced Planck constant, and k B is the Boltzmann constant. The parameters used in the calculations are: chemical potential l ¼ 0:3 eV, relaxation time s ¼ 10 À13 s, and temperature T ¼ 300 K. identified in the contour plots, but the focus here is on the fundamental MP or MP1 enhancement since the mechanisms will be similar. Note that transverse electric (TE) waves are not considered since they cannot excite magnetic polaritons for 1D grating. In order to separate the absorption by the graphene and that by the grating, it is critical to determine where the energy is absorbed or dissipated. The power dissipation density (W/m 3 ) in a nanostructure can be defined as 25, 26 w x; z ð Þ ¼ 1 2 e 0 xe 00 x; z ð Þ jE x; z ð Þ j 2 ;
where e 00 is the imaginary part of the dielectric function and E is the electric field. Note that the magnetic loss is not involved because all the materials considered are nonmagnetic. The power dissipation profile at MP1 resonance (k ¼ 1.49 lm) for the two structures with the same geometries as Fig. 1(b) are depicted in Fig. 3 . Note that z ¼ 0 is at the surface of the grating and x ¼ 0 is the symmetry plane of the structure. In the RCWA calculation, the magnitude of the incident electric field is set to unity. Comparing Fig. 3 (b) with 3(a), it is clear that the absorption in the Ag walls delineating the trench is not enhanced, but somewhat weakened by the added graphene layer. However, the local absorption in the graphene sheet across the opening of the trench is extremely strong with a maximum w on the order of 10 8 W=m 3 , which is three orders of magnitude higher than the highest w in the grating region.
The absorptance can be calculated by the ratio of the total absorbed power within a volume V to the incoming power through the exposed surface area A as follows:
where c 0 is the speed of light in vacuum and the denominator is the product of the Poynting vector and the projected surface area. For the 1D structures discussed here, the volume integration is carried out in the x and z directions only, since the y dimensional length is canceled out. Due to periodicity, the integration length in the x direction can be set to a period as long as A is set equal to K. In carrying out the integration, the range 0 nm z 300 nm is chosen, because of the small penetration depth of about 46 nm in Ag at k ¼ 1.49 lm.
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By evaluating Eq. (4), the absorptance for a plain grating is a ¼ 0.21, which is the same as the previous obtained value using 1 À R. When covered by a graphene layer, the absorptance by the Ag grating itself is only 0.13, while that by the graphene sheet is 0.68, which is nearly 30 times higher than the absorptance of a free-standing graphene sheet. Again, the value of 1 À R ¼ 0:81 is recovered by the sum of the absorptance values of the Ag grating and graphene. Thus, for the graphene-covered grating, most of the incoming power is absorbed by the graphene layer. This could not be possible without the local electric field enhancement by the magnetic resonance or the unique optical properties of graphene in this wavelength range.
Magnetic resonance is realized by a closed current loop induced by the magnetic field of the incident wave. 23 ,27,28 Figure 4 shows the electric and magnetic fields at the resonance wavelength of MP1 for the two structures. The color contour represents the square of the magnetic field, and the arrows indicate the direction and relative magnitude of the instantaneous electric field. As the figure shows, a strong magnetic field is confined in the trenches for both structures, though the field enhancement is somehow weaker for the covered grating (see the scale bar). The electric field near the opening of the trench is enhanced to about 20 times greater than that of the incidence in the case shown in Fig. 4(b) . This strongly enhanced electric field, as mentioned before, is critical to enabling the graphene to absorb most of the incident power.
Following the induced current loop around the trench, the MP resonance in deep gratings can be described by an inductor-capacitor (LC) circuit model as shown in Ref. 23 , where the metal grating severs as an inductor with an inductance L Ag and the trench acts like a capacitor with a capacitance C. One can obtain the fundamental resonance wavelength for the uncovered grating as k MP ¼ 2pc 0 ffiffiffiffiffiffiffiffiffiffi ffi CL Ag p . To consider the effect of graphene on the resonance, additional impedance should be added into the LC circuit. Figure  3 (b) suggests that only the graphene across the trench opening may be involved in the effective circuit. The additional impedance introduced by the graphene layer can be evaluated by Figure 5 shows the real and imaginary part of the impedance of the graphene sheet, where the inset shows the modified LC circuit for the graphene-covered grating. Note that r s is dominated by the interband contribution r I , when the photon energy is greater than the interband threshold 2l. 29 Taking l ¼ 0.3 eV, this corresponds to a wavelength of about 2.1 lm. Therefore, at the MP1 resonance wavelength 1.49 lm, r s % e 2 =4 h is a constant. 20 Subsequently, the impedance becomes a pure resistance R G ¼ 4:9 Â 10 À4 X. This makes the graphene layer behave like a pure resistor across the trench, where a strongly enhanced local electric field exists when MPs are excited. The time-averaged dissipated power by the resistor element may also be estimated by
Here, only the x-component of the electric field is used since the z-component is negligibly small in the graphene layer. Because the graphene layer is very thin, the electric field is almost independent of z inside graphene. The estimated absorptance can be obtained by dividing Eq. (6) by the incidence power, yielding a value of 0.67 that agrees well with the exact value of 0.68 based on Eq. (4). Therefore, the graphene across the trench opening absorbs nearly 70% of the incoming radiative energy. Furthermore, since R G is large, the imaginary part of the total impedance of the circuit shown in Fig. 5 does not change with the graphene overlay. Therefore, the resonance wavelength can still be expressed as k MP ¼ 2pc 0 ffiffiffiffiffiffiffiffiffiffi ffi CL Ag p even with the presence of graphene. However, the graphene layer does add resistance to the circuit, making the resonance peaks broader (lower Q factor). Since the resonance wavelengths of MPs in the grating can be controlled by tuning the geometries of the grating such as the height and width, 23 the method presented here can be used to enhance graphene absorption at the wavelength of interest in the NIR or even visible region.
In summary, the enhanced absorption in graphene enabled by deep metal gratings is demonstrated. Since the unique properties of graphene in the NIR range, it serves as an electric resistor across the opening of the trench, where there is a strong localized electric field when MP modes are excited. The combined effect gives rise to a strongly localized absorption in graphene without affecting the original resonance frequency of the grating. This finding may facilitate the design of graphene-based optical and optoelectronic devices.
